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Abstract

Chaparral watersheds associated with Mediterranean-type climate are distributed over five regions of the world. Because

brushland soils are often shallow with low water holding capacities, and are on slopes prone to erosion, disturbances such as fire

can adversely affect their physical properties. Fire can also increase the spatial coverage of soil water repellency, reducing

infiltration, and, in turn, increasing overland flow and subsequent erosion. We studied the impacts of fire on soil properties by

collecting data before and after a prescribed burn conducted during Spring 2001 on the San Dimas Experimental Forest,

southern California. The fire removed the litter layer and destroyed the weak surface soil structure; leaving a thin band of ash

and char on top of, and mixed in with, an unstable, granular soil of loose consistency. Median litter thickness and clay content

were significantly decreased after fire while soil bulk density increased. At 7 d post-fire, soil surface repellency in the watershed

was significantly higher than prior to the burn. At 76 d post-fire, surface soil water repellency was returning to near pre-fire

values. At the 2 and 4 cm depths, 7 d post-fire soil repellency was also significantly higher than pre-fire, however, conditions at

76 d post-fire were similar to pre-fire values. Variability in soil water repellency between replicates within a given 15�15 cm

site was as large as the variability seen between sites over the 1.28 ha watershed. The increase in post-fire persistence of water

repellency was largest beneath ceanothus (Ceanothus crassifolius) as compared to a small increase beneath chamise

(Adenostoma fasciculatum). However, pre-fire persistence was higher under chamise than for ceanothus. Post-fire changes to

soil properties may increase the watershed hydrologic response, however the mosaic distribution of water repellency may lead

to a less severe increase in hydrologic response than might be expected for a spatially more homogenous increase in repellency.
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1. Introduction

Sclerophyll forest biomes (chaparral), associated

with Mediterranean-type climate, are distributed over
006) 284–298
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five regions of the world including parts of California,

central Chile, South Africa, western and south Aus-

tralia and the Mediterranean Basin. Because of a

history of fire suppression in southern California, fuel

loads of decadent chaparral stands have increased, and

are threatening the rapidly expanding urban interface

(Keeley et al., 2000). Prescribed burning is the

preferred method to reduce these fuels and reduce the

fire danger.

Fires greatly alter the physical characteristics of

these landscapes. During burning, plant cover and

litter layers are consumed, and the mineral soil is

heated, resulting in changes to soil bulk density,

porosity, texture, color, moisture content, and perme-

ability. Most of the heat from a fire is directed upward,

but substantial temperatures at the soil surface can be

achieved due to fuel load and residence time. Heating

and soil alteration can be significant if the fire

residence time is long, or a thin, dry litter layer is

completely incinerated (Wells et al., 1979).

Soil water repellency is particularly common in

unburned chaparral communities, due in part to the

shallow, coarse-textured soils, dry Mediterranean

climates, and the high resin content of the organic

litter (DeBano, 1981). Most fires create a mosaic of

low-, moderate-, and high-severity burn areas because

of the non-uniformity of fire temperature and dura-

tion; terrain slope and aspect; litter depth and moisture

content; species type and distribution; live and dead

fuels ratios; fuel densities and moisture contents; and

differences in soil moisture and soil texture. There-

fore, one should not expect the spatial distribution of

soil water repellency to be uniform across a broad

landscape, or even at smaller scales in steep water-

sheds (Robichaud and Miller, 1999).

Because shrubland soils are often shallow with low

water holding capacities, and are on slopes prone to

erosion, disturbances such as fire can adversely affect

their physical properties and hydrologic response. The

nature of post-fire hydrologic response and subsequent

erosion is, in part, dependent on changes in soil

physical properties and the depth and spatial variability

of the soil water repellency (Ritsema and Dekker,

1994). Mosaic distribution of water repellency may

lead to a less severe increase in hydrologic response

than might be expected for a spatially more homoge-

nous increase in repellency. Consequently, it is

important that land managers understand post-fire
watershed response when prescribing post-fire erosion

control treatments. Our objectives in this study were (1)

to gather information about fire impacts on soil

properties, (2) to determine the pre- and post-fire

spatial and temporal variability of soil water repellency

in steep chaparral, and (3) to investigate how selected

soil properties and different plant species affect the

distribution of soil water repellency on the landscape.
2. Materials and methods

2.1. Site description

The 1.28 ha study watershed (34812V45U N,

117845V30U W) is located in the San Dimas Exper-

imental Forest (SDEF) in the foothills of the San

Gabriel Mountains of southern California, approxi-

mately 45 km northeast of Los Angeles, California.

Elevation of the watershed ranges from 820 to 990 m.

Topography is rough, characterized by precipitous

canyons, deeply cut channels, and steep slopes

ranging to 75% (N90% exceeding 55%) (Ryan,

1991; Nourse, 1998). The climate is Mediterranean,

with hot, dry summers and cool, wet winters. Mean

annual precipitation is 678 mm (Dunn et al., 1988).

2.2. Geology, soils, and vegetation

Much of the rock in the watershed is Pre-Cambrian

to Mesozoic strongly banded and foliated gneisses and

schists mixed with a large percentage of igneous dike

rocks (Story, 1948; Nourse, 1998). Bedrock in the area

has been subjected to intense heat and pressure

resulting in a high degree of alteration, faulting,

folding, and fracturing. As a result, the rocks are

poorly consolidated and very unstable (Sinclair, 1953).

The soils are usually shallow and coarse-textured, with

rock-fragments throughout (Graham et al., 1988). Soil

material on these slopes moves too frequently to allow

strong development of soil horizons. Soils mapped in

the general area of the study site are of the Trigo series

(loamy, mixed, nonacid, thermic, shallow Typic

Xerorthents) (Ryan, 1991).

The natural vegetation is chaparral, characterized by

sclerophyllous leaves, 1–3 m plant height, and dense

canopies (Hanes, 1974). Common chaparral species

found at the study site include: chamise (Adenostoma



K.R. Hubbert / Geoderma 130 (2006) 284–298286
fasciculatum Hook and Arn.), hoaryleaf ceanothus

(Ceanothus crassifolius Torr.), Eastwood manzanita

(Arctostaphylos glandulosa Eastw.), sugar bush (Rhus

ovata S. Watson), scrub oak (Quercus berberidifolia

Liebm.), black sage (Salvia mellifera E. Greene), and

wild buckwheat (Eriogonum fasciculatum Benth.).

The stand age of the chaparral was 41 years, with the

watershed last burning during the 1960 Johnstone Fire

that consumed 88% of the 6947 ha forest.

2.3. Field and laboratory measurements

The study watershed was burned on May 15, 2001,

ignited by flaming gel applied by a helicopter. The

prescribed fire, part of a larger prescribed burn
Table 1

Selected pre-and post-fire morphological properties of the soil and weath

Horizon Depth Dry color Moist color Texturea Gravel Sand

(cm) (%) (%)

Post-fire site 1. Aspect W, slope 62% (288) coarse, loamy, mixed, thermic
Oi 2–0 (post-burn ash layer)

A1 0–5 10YR4/2 10YR3/1 GRls 18.6 79.6

AC 5–12 10YR5/3 10YR4/3 GRls 21.2 83.7

Cr1 12–18 7.5YR 6/4 7.5YR 4/4

Cr2 18–34 7.5YR 6/4 7.5YR 4/4

Cr3 34–69 NDf ND

R 69+

Post-fire site 2. Aspect E, slope 71% (328)
Oi 1–0 (post-burn ash layer)

A 0–7 10YR5/2 10YR3/2 GRls 25.7 84.7

C/Cr 7–15 10YR5/4 10YR3/2 GRs 22.4 89.1

Cr1 15–45 10YR4/3 10YR4/3

Cr2 45–115 10YR5/4 10YR3/3

R 115+

Pre-fire site 1. Aspect W, slope 62% (288)
Oi 2–0 (chamise and ceanothus litter)

A1 0–1 10YR4/3 10YR3/2 GRls 15.1 79.1

A2 1–5 10YR5/3 10YR3/2 GRls 20.4 80.6

AC 5–12 10YR5/3 10YR4/3 GRls 20.1 84.8

Pre-fire site 2. Aspect E, slope 71% (328)
Oi 1–0 (chamise and ceanothus litter)

A 0–7 10YR5/4 10YR3/4 GRls 21.8 85.1

a GR=gravelly, ls= loamy sand, s=sand.
b 1=weak; pl=platy, gr=granular; bk=angular blocky, rock str.
c 1= few; 2=common; vf=very fine (b1 mm); f=fine (1–2 mm); m=m
d A=abrupt; G=gradual; S=smooth; W=wavy; I= irregular.
e S=soft, SH=slightly hard, FR=friable, L=loose, HA=hard, VFR=ve
f ND=not determined.
conducted for 2 d in the SDEF, burned for 1–3 h in

the target watershed. Burn severity was estimated

qualitatively from post-fire fuel size diameter (cha-

mise branches), color of ash, and degree of litter

consumption (Wells et al., 1979; Miller, 2001).

Morphological descriptions, based on auger holes

and soil pits, were developed for the soil and underlying

weathered bedrock (Soil Survey Division Staff, 1993;

Schoeneberger et al., 1998) (Table 1). For representative

soil descriptions, we chose interfluve positions between

swales on 55–60% sideslopes within the watershed.

To determine particle size distribution, bulk den-

sity, water content, water repellency, and litter depth,

eight transects, roughly spaced to encompass the

watershed from top to bottom, crossed the watershed
ered bedrock on E-and W-facing aspects

Silt Clay Structureb Consistence Rootsc Boundaryd

(%) (%)
Drye Moiste

Typic Xerorthents

15.8 4.6 gr L L 1vf A,S

14.2 2.1 gr S-SH VFR 1vf A,W

rock str. HA FI 1f A,W

rock str. HA VFI 2f G,W

rock str. HA VFI 1co, 1vc G,I

14.0 1.3 1bk L L 1vf A,W

9.9 1.0 gr SH VFR 1f G,W

rock str. MH FR 1m G,W

rock str. MH FI 2co, 1vc G,I

15.3 5.6 1pl S VFR 1vf, 1f A,S

15.2 4.2 1bk S VFR 2vf A,W

12.9 2.3 gr S-SH VFR 1vf A,W

11.0 3.9 1bk S VFR 1vf,1f A,W

edium (2–5 mm); co=coarse (N5 mm); vc=very coarse.

ry friable, FI=firm, VFI=very firm, MH=moderately hard.
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in a chevron pattern perpendicular to the main

channel. Six to eight sample locations were randomly

chosen along each transect, resulting in a total of 54

sampling sites. An additional 51 sites were selected

randomly between transects. Particle size distribution

was determined for the mineral soil by the pipette

method using samples that were sieved to remove

coarse fragments greater than 2 mm in diameter (Gee

and Bauder, 1986). The A horizon bulk density was

determined by the hollow-core method (Blake and

Hartge, 1986), using a sampler that took a 5.1 cm long

core with a diameter of 7.3 cm that yielded a volume

of 212.8 cm3. Subsequent determinations of the

volume and mass of rock-fragments greater than 2

mm were subtracted to yield a corrected bulk density

(Soil Survey Laboratory Staff, 1992; Vincent and

Chadwick, 1994). Porosity was calculated from bulk

density assuming a particle density of 2.65 g cm�3

(Danielson and Sutherland, 1986). Water content

measurements were made gravimetrically on soil

samples taken from the A horizon at the 0–5 cm

depth (Gardner, 1986).

At each sampling point, soil water repellency was

determined by noting the water drop penetration time

(WDPT) (Krammes and DeBano, 1965). Sampling

was conducted pre-fire, 7 d post-fire, and 76 d post-

fire. Twenty drops from a squeeze bottle were

applied at the mineral soil surface within a 15�15

cm area. Another 20 measurements were taken at 2

cm depth and 10 measurements at the 4 cm depth.

The time of water drop penetration was determined

when the droplet changed from convex to flat, and

infiltrated. By taking measurements at (1) intersite

(mesoscale) locations along transects and 2) intrasite

(microscale) locations within 15�15 cm squares,

variability was assessed at two spatial scales (Doerr

et al., 1998). We modified existing soil water

repellency indexes (DeBano, 1981; Dekker and

Ritsema, 2000) to give us the following classification

scheme: 0–1 s—not repellent, 1–5 s—very low

repellency, 5–30 s—low repellency, 30–180 s—mod-

erate repellency, and N180 s—extreme repellency.

Pre-fire litter depths were measured at the four

corners and one mid-point of a 50�50 cm square

placed at the 54 transect-sampling sites. Post-fire litter

reduction was determined using steel duff pins (20 cm

in length) that were installed flush with the litter

surface at the same pre-fire litter sites. After the burn,
the distance of the head of the pin protruding above

the mineral soil was measured to determine litter

consumption.

For plant measurements, each slope was divided

into 4 equal segments along the eight pre-established

transects. Within each segment, a random number,

originating from the beginning of the segment, was

chosen to represent a sampling point. Measurements

were collected on the closest plant to the point. These

included: species identification, plant cover, plant

height, and stem tip diameter. Plant cover measure-

ments were taken using a meter tape at N to S, and E to

W coordinates relative to the individual plant.

2.4. Statistical model and estimation

We derived a stochastic model (Appendix 1)

describing relationships between selected soil charac-

teristics and water repellency in terms of physically

meaningful parameters. The parameters of the system

correspond to those in Philip’s equation for water

infiltration (Philip, 1969). An approximation of

Philips equation for the initial phase of water

infiltration is l =ks, where l stands for the cumu-

lative rate of infiltration, or equivalently, the break-

down in water repellency; k is the sorptivity, or rate of

breakdown in repellency; and the unit of time, s, is
t0.5. In our model we assumed s to be an unknown

function of time and estimated the functional form

from the data. The rate parameter, k, was assumed to

be a function of location. The latter enables us to

study the simultaneous effects of selected soil proper-

ties at a specific location on the rate of breakdown in

repellency. Breakdown of water repellency corre-

sponds to the time at which the water drop loses its

spherical state and infiltrates into the soil. The model

developed in Appendix 1 is based on a latent (hidden)

variable, because direct observation on the cumulative

infiltration rate over time is not possible because

infiltration is too fast. We used the generalized

additive model gam in S-plus (Cleveland et al.,

1992; S-PLUS, 2001) to obtain estimates of the

simultaneous effects of site characteristics and time

on soil sorptivity. The potential correlation between

responses at nearby sites was incorporated in the

model by including a smooth function of the location

coordinates in the linear predictor (Kaluzny, 1997).

We used the likelihood ratio test to assess the
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significance of the explanatory variables (Lehman,

1959).
3. Results and discussion

3.1. Prescribed burn

The prescribed burn consumed the chaparral

vegetation in a period of less than 30 min leaving

only charred plant skeletons, charred litter, black ash

and bare soil conditions. Much of the ash was either

blown off-site or redistributed on the hillslopes by

strong bSanta AnaQ (foehn winds) that occurred 2

weeks after the fire. Chamise fuel tip diameters were

similar throughout the watershed (mean fuel tip

diameters were b6 mm) indicating light burn severity

in the aboveground foliage (Wells et al., 1979).

Ground fuels continued to smolder for 1–3 h,

increasing the duration and severity of the fire to the

ground surface. However, the heat pulse did not

penetrate deeply into the soil and damage lignotuber

tissues, as evidenced by the vigorous post-fire

resprouting of most of the chaparral species. As noted

by Hellmers et al. (1955), most chaparral species root

deeply, anchoring in bedrock fractures to depths of

5–9 m.

3.2. General plant and soil properties, pre-and

post-fire

Pre-fire canopy covers were 31% (SD=0.40) for

chamise, 28% (SD=0.36) for ceanothus, 17%

(SD=0.20) for sugar bush, 5% (SD=0.07) for scrub

oak, and 3% (SD=0.03) for manzanita. About 15% of

the cover (SD=0.02) was bare ground, rock outcrops,

and other plant species. Average litter depth before

fire was most shallow beneath manzanita (19 mm,

SD=14) and chamise (19 mm, SD=27), and deepest

beneath scrub oak (54 mm, SD=24), ceanothus (55

mm, SD=62), and sugar bush (69 mm, SD=36). A

study by Kittredge (1955) found that scrub oak and

sugar bush had average litter levels of 33.4 t ha�1,

whereas chamise had only 5.7 t ha�1. Beneath scrub

oak and sugar bush, fungal hyphae mats up to ~50

mm in thickness and N6 m2 were observed at the

mineral soil/litter interface. Fire reduced the median

litter depth for the watershed from 22 to 3 mm
(Fig. 1). Areas where litter was not completely

consumed by fire emerged as an amalgamation of

unburned litter, ash, char, and, loose mineral soil. In

steep chaparral, litter helps maintain high soil

infiltration rates, reduces soil evaporation, and

protects soil from high solar temperatures that can

damage buried rootstocks (lignotubers) or buried

seeds, which provide rapid regeneration after fire

(Keeley and Keeley, 1987).

The soils were coarse-loamy, mixed, thermic

Typic Xerorthents (Table 1). Average depth of soil

to weathered bedrock for the watershed was 25 cm

(SD=10) situated on slopes averaging 68%. Surface

horizons had gravelly loamy sand textures and were

soft and very friable (Table 1). Highly weathered

bedrock was exposed at the surface in many

locations, providing rock material N2mm to the

slopes. On very steep slopes in this region, soils

appear to be in continual movement due to gravity

and wind, especially during dry periods (Radtke,

1981). During the fire, cones of dry ravel were

deposited along the main drainage of the watershed.

Post-fire covering of litter pins by soil material and

increases in gravel content of the surface soil (Fig. 1)

provided further evidence that soil materials moved

downslope during the fire when barriers such as

litter, downed limbs, shrub boles, or low spreading

branches were consumed.

The prescribed burn removed most of the litter

layer and destroyed the pre-fire thin platy structure of

the A horizon resulting in a post-fire granular

structure at the surface (Table 1). Loss of surface

structure resulted in a change from soft (pre-fire) to

loose (post-fire) consistency (Table 1). What little

structure observed in the A horizon pre-fire is

believed to be a result of a slight increase in stability

due to fungal growth between the soil and litter layers.

Fungal mycelia can surround and intertwine the soil

particles and thus form very stable aggregates (Dunn

et al., 1982).

3.3. Particle size distribution, soil bulk density,

porosity, and water content

Following the fire, there was no significant post-

fire change in the sand or silt fractions, but the clay

fraction exhibited a significant 39% reduction from

5.4% to 3.1% (Fig. 1). The decrease in the clay
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fraction suggested that there was some aggregation of

finer particles into larger silt-size particles. In a study

where black ash was also observed, Ulery and

Graham (1993) reported a decrease in clay content

from 13.0% unburned to 11.8% burned. In addition,

reduction of the clay fraction by burning may have

resulted in soils on the steep slopes becoming less

stable due to the cohesive influence of the clays being

decreased (Duriscoe and Wells, 1982). The unusual

but relatively small decline in the sand fraction may

have involved experimental error. Median values for

gravel material N2 mm increased from 12.8% pre-fire

to 18.7% post-fire (Fig. 1), a result likely related to the
release of trapped N2 mm material from the overlying

litter layers during the fire, which ultimately inter-

mixed with the disturbed surface soil.

After the fire, median soil bulk density at the 0–5

cm depth increased significantly by 26% from 0.94 g

cm�3 pre-fire to 1.18 g cm�3, with a corresponding

decrease in porosity (Fig. 1). It appears that the

destruction of soil aggregation, and the loss of organic

matter, contributed to the increase in bulk density

(Giovannini et al., 1988). Welling et al. (1984)

reported an increase in bulk density and loss of

infiltration when fungal mycelia were eliminated by

fire.
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Moisture content within the 0–5 cm depth was

reduced from a mean of 0.13–0.03 cm3 cm�3 after the

burn (Fig. 1). The wettest spots pre-fire were beneath

a ceanothus which exhibited the high pre-fire mean

litter depths of 55 mm. Fire probably evaporated most

of the water in the near soil surface, but evapotranspi-

ration likely accounted for some of the moisture

reduction at 2–5 cm between the time of pre-fire

sampling and sampling following the burn. DeBano et

al. (1979) reported a moisture decrease of 80% from

20.1 cm3 cm�3 pre-fire to 4.1 cm3 cm�3 post-fire at a

soil depth of 0–1 cm beneath chaparral vegetation.

In section 2.6 we described how the WDPT data

may be used to estimate two parameters of the system:

1) s, the unit of time; 2) k, the sorptivity of the soil.

The estimated function for s was approximately linear

when plotted against square root of time. This is

consistent with Philip’s equation of water repellency.

The estimated effect of depth and fire period on the

sorptivity parameter, k, is presented in Fig. 2. Pre-fire

sorptivity levels appeared to be highest at 4 cm depth.

Seven days after fire sorptivity levels were signifi-

cantly lower at all depths compared to the pre-fire

levels. Seventy-six days after fire there was some

indication of the soil sorptivity at the surface returning
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sorptivity of soil.
to levels seen before the burn, however at 4 cm the

sorptivity appeared to be decreasing.

3.4. Pre-fire soil water repellency and spatial

variability

Fuels in the 41-year-old mixed chaparral watershed

were dense and almost impenetrable on foot, having

not burned since the 1960 Johnstone Fire. Prior to the

burn, 41% of the 1.28 ha watershed soil surface

exhibited bvery low to no repellencyQ, 22% blow
repellencyQ, and 37% bmoderate to extreme

repellencyQ (Fig. 3). A survey conducted by Krammes

and DeBano (1965) on the SDEF reported that at least

60% of the soils there could be classified as water

repellent. The pre-fire repellency numbers presented

here for the surface soil can be considered an

approximate soil background level for a 40-year-

period absent of fire. As discussed by Teramura

(1980), many of the hydrophobic compounds are

released by decomposition and leaching of chaparral

vegetation and litter during the period between fires.

bNot repellentQ, bvery lowQ, and blow repellencyQ
totaled 53% at the 2 cm depth pre-fire, while

bmoderateQ to bextreme repellencyQ totaled 33%
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(1)=0–1 s—not repellent, (2)=1–5 s—very low repellency, (3)=5–30 s—low repellency, (4)=30–180 s—moderate repellency, and

(5)=N180 s—extreme repellency. The heights of the bars in the histograms represent the percentage of cases (at all locations) that fell in the

corresponding group.
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(Fig. 3). We observed almost no pre-fire water

repellency at the 4 cm depth, where blow to no

repellencyQ totaled 90% (Fig. 3). We believe this was

partly due to pre-fire soil moisture content and the

natural breakdown of water repellency since the 1960

wildfire.

Variability in WDPT between replicates within a

given 15�15 cm site was as large as the variability

seen between sites over the 1.28 ha watershed

(Table 2). At the soil surface, approximately 50% of

the overall variability in times of water drop pene-
Table 2

Percent of total variation in water drop penetration time due to

within site and between site variability

Between

sites

Within 15�15 cm

area

Surface pre-fire 58.2 41.8

Surface 7-d post-fire 47.5 52.5

Surface 76-d post-fire 51.0 49.1

2 cm pre-fire 66.6 33.4

2 cm 7-d post-fire 54.6 45.4

2 cm 76-d post-fire 57.9 42.1

4 cm pre-fire 74.8 25.2

4 cm 7-d post-fire 65.1 34.9

4 cm 76-d post-fire 60.9 39.1
tration was due to within site variation. The percent of

total variation due to within site variability seemed to

decrease at lower depths (approximately 40% at 2 cm

and 30% at 4 cm). In other words, there was less

variability within a given site at lower depths than at

the surface (Table 2). In the pre-fire soil landscape,

continuous layers of hydrophobic substances are

generally not formed because rodent, worm, insect,

and root activity continuously disrupts the soil-column

structure, and form conduits for water to enter

(DeBano, 1981; Spittler, 1996). Intense and concen-

trated infiltration can also occur where burrow holes,

tension cracks and root channels breach the repellent

layer (Meyer, 1993). Additional precipitation tends to

infiltrate through the existing preferential paths, as the

wetted soil no longer impedes the infiltration of water

(Dekker and Ritsema, 2000).

3.5. Post-fire soil water repellency and spatial

variation

Seven days following the burn, bmoderate to

extreme repellencyQ at the surface had increased from

37% to 63%. Surface soils exhibiting bvery low and

no repellencyQ dropped from 41% to 20% (Fig. 3). At
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the 2 cm depth, 7 d post-fire bmoderate and extreme

repellencyQ increased from 33% to 46%, whereas at

the 4 cm depth there was an increase of 26% from 4%

to 30% (Fig. 3). At 76 d following the fire, bmoderate

to extreme repellencyQ had decreased from 63% to

47% (Fig. 3) at the surface. However, at the 4 cm

depth, bmoderate to extreme repellencyQ increased

from 30% 7 d post-fire to 40% by 76 d post-fire

(Fig. 3).

The 7 d post-fire increase in water repellency at all

depths was due in part to downward translocation of

organics released from litter and plant material and soil

drying at the 2 and 4 cm depths. DeBano et al. (1970)

attributed the increases in repellency at depth to

volatilization of organics that moved downward along

a temperature gradient and recondensed on mineral

soil particles. At the 4 cm depth, the continued

marginally significant decrease in rate of breakdown

of repellency from 7 to 76 d post-fire was harder to

explain. During the time period, no rain fell to facilitate

leaching nor did any heat pulse occur that would

volatilize and transport the hydrophobic compounds

downward. The most likely explanation was that

further soil drying due to evapotranspiration and

seasonal soil temperature change at the 4 cm depth

re-intensified latent soil water repellency. Dekker et al.

(1998) showed that soil drying at 25 and 45 8C induced

slight repellency (5–60 s), further drying at 65 8C
induced slight to extreme repellency (60–3600 s), and

extreme repellency (N3600 s) was caused by drying at

85 8C.
At 76 d post-burn, the histogram (Fig. 3) showed

surface soil water repellency returning to near pre-fire

values. No precipitation was recorded during this 76 d

period, thus we do not believe soil moisture played a

role in the decrease of water repellency as reported by

Robichaud (1996) and Doerr and Thomas (2000).

Prolonged wetting may cause clay aggregates to

disaggregate and expose wettable surfaces, or cause

leaching and chemical transformation of hydrophobic

compounds (Burcar et al., 1994). Additionally, a soil

moisture threshold at which the SDEF chaparral soils

ceased to be hydrophobic is unknown, however it

appeared from observation to be low.

We believe the decrease in surface water repellency

over 76 d was due to physical and biological factors,

primarily the movement of the unstable surface soils

down the very steep slopes (N55%) due to gravity, and
bioturbation by soil micro-, meso-, and macrofauna.

Other mechanisms that may have contributed to the

decrease in water repellency included: the growth of

roots and mycorrhizal hyphae that can penetrate and

disturb the water repellent layers, the decomposition

and displacement of water repellent substances by

microorganisms (Crockford et al., 1991), and redis-

tribution and burial of ash. The severity of the fire

may also have played a role in the duration of water

repellency at the site, with areas burned at low

severity recovering more quickly to pre-fire repel-

lency levels (McNabb et al., 1989).

Variability in surface distribution of water repel-

lency remained high throughout the watershed at both

the meso-(intersite) and microscales (intrasite) follow-

ing the fire. It appeared that litter depth, species

composition, and species location contributed to the

post-fire variability of surface soil water repellency.

Differences in litter depths between species could

affect the temperature and duration of the fire, and soil

and fuel moistures, resulting in highly variable

distributions of water repellency in the watershed

(Robichaud, 1996; DeBano, 1981). In agreement with

Krammes and DeBano (1965), we observed that soils

located beyond the drip line, with little or no litter

accumulation, exhibited bvery low to no repellencyQ.
The mass and distribution of canopy fuel that

collapses during the fire and smolders on the ground

(secondary heating) can also cause pronounced spatial

variation in total surface heating and water repellency

(Odion and Davis, 2000). It is possible that the high

post-fire intrasite (microscale) variation in soil water

repellency was also due to the almost constant mixing

and movement of different size soil particles on the

steep slopes.

We observed an almost continuous movement of

dry ravel immediately following the fire and through-

out the dry summer months. Movement and redis-

tribution of both fine and coarse particles on the steep

sideslopes disrupted the soil surface and contributed

to changes in depression microtopography, further

resulting in the breakdown and redistribution of

surface soil water repellency. Movement of ravel

and soil downslope buried and also redistributed the

post-fire ash layer across the steeper areas of the

watershed. In some areas, we observed ash layers that

were buried to depths of 10 cm only 2 months after

the fire. Most of the buried ash layers were highly



Table 3

Analysis of deviance table for significance of various soil properties

on the dsorptivityT level of the soil

Variable F-statistic D.F. P-value

Percent moisture 1.77 39 0.014T
Percent clay+silt 1.25 16 0.250

Soil bulk density 1.14 2.5 0.330

Location 4.45 11.7 0.000018T

Locally weighted smooth polynomials fitting procedure calculate

approximate degrees of freedom which are sometimes not whole

numbers.

T significant at 5% level.
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wettable. Therefore, a buried lens of ash atop a water

repellent layer could promote the subsurface lateral

movement of water. And where this moisture encoun-

tered repellent soils, water repellency would likely be

reduced.

3.6. Effects of soil physical properties and species

type on soil water repellency

Of the site characteristics included in the model

(soil bulk density, percent sand, percent clay, litter

depth, moisture, and species type), only soil moisture

and species type were found to have a significant

effect on the persistence of soil water repellency at the

pre-fire surface sites. Values of moisture N0.16 cm3

cm�3 were observed when litter depth was high, silt
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and clay percentage was high, soil bulk density was

low, and the species type was ceanothus. Soil

moisture had a significant effect on water repellency

(Table 3) when species type was not included in the

model, whereas species type was significant when soil

moisture was not in the model. This was probably due

to the fact that soil moisture was highest under

ceanothus. Soil moisture appeared to have the most

significant effect on soil sorptivity. As the moisture

increased from 0.08 to 0.12 cm3 cm�3, the persistence

of soil water repellency also decreased. Sorptivity, or

persistence in repellency, was estimated to be below

average when moisture levels were less than 10%

(Fig. 4). In the range of observed moisture values (0–

22%), the increase in sorptivity was not linear with

increasing moisture levels.

The lowest pre-fire persistence of soil water

repellency was located beneath ceanothus (Fig. 5).

The persistence of soil water repellency was signifi-

cantly higher beneath chamise than under ceanothus

(Fig. 5). However, at 7 d post-fire the persistence of

repellency under ceanothus increased substantially

such that no significant difference appeared to remain

between soil water repellency under ceanothus and

chamise (Fig. 5). All observed moisture values under

ceanothus were greater than 0.16 cm3 cm�3. Because

of the latter, it is hard to conclude whether the increase

in sorptivity was due to the increase in soil moisture or
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some other (unmeasured) soil property that was

specific to ceanothus.

The mineral soil surface beneath chamise

exhibited a greater degree of pre-fire water repellency

than was evidenced beneath ceanothus, even though

the litter depth of chamise averaged only 19 mm as

compared to 57 mm for ceanothus. The high soil

moisture contents recorded in the thicker ceanothus

litter layer probably resulted in greater pre-fire soil

sorptivity, by decreasing the persistence of the soil
water repellency. At 7 d post-fire, there was a

substantial increase in soil repellency beneath ceano-

thus (the persistence of repellency increased), result-

ing in similar persistence of water repellency between

ceanothus and chamise. This suggests that hydro-

phobic substances were released during the fire from

ceanothus litter and plant material, but were not

leached from living ceanothus during intervals

between fires. Whereas, the pre-fire persistence of

water repellency beneath chamise and other species
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(Fig. 5) indicated that rain was possibly leaching

water repellent organic substances out of the plants

and depositing them into the soil. DeBano et al.

(1970) has noted that leaf materials of chamise

contain large concentrations of hydrophobic substan-

ces. We saw an overall increase in persistence of

water repellency under all species categories post-fire.

Since the majority of chaparral species are

resprouters, the enhanced post-fire water repellency

may discourage seed emergence and development,

thus preventing competition for water.

Post-fire increases in soil water repellency

beneath chaparral species may also result in the

ponding of water. In the post-fire environment,

resprouting chaparral shrubs are not affected directly

by the water repellent layer, because their root

systems remain intact, both above and below it.

Old root channels, cracks along live roots, and other

macropores can serve as penetrating points for

preferential flow of the ponded water through these

layers providing water to the deeper rooted chaparral

species (McDonald, 1981; Meyer, 1993). Enhanced

deep-water storage allows fast post-fire recovery of

deeply rooted chaparral resprouters, and a compet-

itive edge over shallow-rooted, fire following herba-

ceous and grass species.

We observed unidentified white to grayish fungal

mats ~6–10 cm in thickness below scrub oak and

sugar bush pre-fire, two species exhibiting moist,

thick litter depths. Mats tended to be clustered, with

the largest measured fungal area covering approx-

imately 7 m2. The fungal mats were located below the

litter and on top and below the loose surface soil

mineral horizon (0–2 cm depth). Soils with fungal

mats were extremely repellent pre- and post-fire, and

remained highly repellent over time and even at high

soil moisture contents. Savage et al. (1969) suggested

that common fungal products contribute to water

repellency, especially after heating. Fire resulted in the

drying and weakening of the fungal mat structure,

allowing it to move with the unstable soils. This likely

played a role in some increases of spatial variability of

post-fire repellency at both the surface and 2 cm

depths. In most cases both pre- and post-fire, we

observed dry soils beneath the fungal mat areas after

rain events. Due to the highly hydrophobic nature on

the fungal upper surfaces, the lateral flow of water

was promoted downslope.
4. Conclusions

The prescribed fire consumed the chaparral,

removed the litter layer and destroyed the weak

surface soil structure; leaving a thin band of ash and

char on top of, and mixed in with, an unstable,

granular soil of loose consistency. Median litter

thickness and clay content were significantly

decreased after fire while soil bulk density increased.

Prior to the burn, 37% of the soil surface exhibited

bmoderate to extreme repellencyQ. After the burn,

bmoderate to extreme repellencyQ increased signifi-

cantly to 63% of the soil surface. Soil water repellency

at the surface returned to near pre-fire values 76 d

after the burn. Because there was no rainfall during

this time, we attributed this change to physical and

biologic factors. Spatial variability of soil water

repellency within a given 15�15 cm site was as

large as the variability seen between sites over the

1.28 ha watershed. In this study, it seems that the

distribution of soil water repellency was most strongly

related to litter depth, species location and type, and

soil moisture content. The increase in post-fire

persistence of water repellency was largest beneath

ceanothus as compared to a small increase beneath

chamise. However, pre-fire persistence was higher

under chamise than for ceanothus. At the 2 cm depth,

7 d post-fire increase in water repellency was likely

due to volatilization and recondensation of organics

moving downward on a temperature gradient. The

relatively low increase in repellency with depth was a

reflection of the low to moderate intensity of the burn.

We saw higher sorptivity with increases in soil

moisture content. Post-fire changes to soil properties

may increase the hydrologic response, however the

mosaic distribution of water repellency may lead to a

less severe increase in hydrologic response than might

be expected for a spatially more homogenous increase

in repellency. Consequently, it is important that land

managers understand post-fire watershed response

when prescribing post-fire erosion control treatments

in very steep terrain.
Acknowledgements

This work was funded by the U.S. National Fire

Plan. We thank David Kerr and the Angeles National



K.R. Hubbert / Geoderma 130 (2006) 284–298296
Forest for conducting the prescribed fire. Discussions

of project design and statistical interpretation with

Haiganoush Preisler were very helpful. Additionally,

we thank Bonni Corcoran, Lynne Casal, Joey Chong,

Dave Kisor, Mike Oxford, Adrian Abordo, Jon Liao,

and Valerie Oriol for field and laboratory assistance.
Appendix A

A.1. A stochastic threshold tolerance model

We allowed nij to be a latent (hidden) variable that

described the breakdown of water repellency at

location i and time tj. The latent variable may be

dependent on the properties of the soil at that location

and the time a water drop has been in contact with the

soil. We assumed that a water drop will infiltrate the

soil by time tj if the latent variable, nij, exceeded a

given threshold value C. We defined a random

variable Iij such that:

Iij ¼ 1 if nijNC

¼ 0 otherwise

where nij =lij + eij; the function lij is a deterministic

function of location and time; and eij are independent
error terms due to the random variability between sites

that are not accounted for by the observed soil

properties. Furthermore, we assumed that the latent

variable [from the time the water drop touches the soil

and for the duration of the experiment (180 s)], is

increasing at a fixed rate ki. Then lij =kisj, where s is

some function of time. For example, in Philip’s

equation for water infiltration (Philip, 1969),

I =St0.5+At, where I stands for infiltration, S is

sorptivity, and A corresponds to the gravitational

force. The latent variable, lij, maybe related to the

Philip’s equation if s = t0.5 and ki is the sorptivity of

the soil at location i. The second term in Philip’s

equation, corresponding to the gravitational forces,

was assumed to be negligible because the sorptive

forces mostly govern the initial phase of water

infiltration. We note that in our model, the rate of

breakdown, k, is assumed to be fixed over the

duration of the experiment but allowed to vary

between location (i.e., k is a function of location but
not time). Finally, we assumed that eij follows the

Weibull distribution with scale and shape parameters

b, and c respectively. This led to the following

statement for the probability, pij, of a water drop

infiltrating the soil at location i and by time tj

Pr Iij ¼ 1
� �

¼ pij ¼ 1� exp � exp c log sj
� ����

þ log kið Þ � log bð Þ
���

: ðA1Þ

Additionally, the conditional probability, qij, of a

water drop infiltrating the soil by time tj, given that

the drop had not infiltrated the soil by time tj�1 (with

tj�1b tj) is

pij � pi j�1ð Þ
1� pi j�1ð Þ

¼ qij ¼ 1� exp � exp cj þ clog kið Þ
��

� clog bð Þ
��

ðA2Þ

where cj is such that scj ¼ ec1 þ ec2 þ : : : þ ecj .

Further details may be found in Barlett (1978) and

Preisler et al. (1999).

The next section will describe how the conditional

probabilities in Eq. (A2) together with the WDPT data

may be used to estimate s as a function of time and

estimate the sorptivity parameter, ki, as a function of

selected soil and site physical properties.

A.2. Estimation of model parameters

We allowed nik (k =1, 2, 3, 4) to be the cumulative

number of drops, out of 20, that had infiltrated the soil

at site i by 1, 5, 30, and 180 s respectively. We allowed

rik (k =1, 2, 3, 4) to be the number of drops that

infiltrated the soil in the intervals (0,1] s, (1,5] s, (5,30]

s, and (30,180] s, respectively. Then rik (k =1,2,3,4)

are independent binomial variables with n =

20�ni(k�1) and probability of response, qij, given by

Eq. (A2) above. Note that ni0=0.

We estimated the effects of soil properties on the

rate of breakdown of soil repellency by inputting the

observed number of drops, r1, r2, r3, r4, in the four

classification groups into the S-Plus statistical pack-

age (S-PLUS, 2001). We used the binomial distribu-

tion with the complementary log–log option and the

linear predictor

log � log 1� qij
� �� �

¼ a þ cj þ bi ðA3Þ
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where cj is a categorical variable corresponding to the 4
classification classes (cj describes the temporal com-

ponent of the latent variable, i.e., s). The parameter bi

describes the spatial component of the latent variable

and was modeled by the sum of smooth functions of the

explanatory variables, namely, the soil physical proper-

ties at location i. Using the notation in Eq. (A2) the

function bi is seen to be proportional to the logarithm

of the rate parameter ki. Consequently, studying the

effects of site characteristics on bi is equivalent to

studying the effects on the sorptivity at location i.
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